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Indium gallium nitride (In x Ga 1Àx N) is a direct bandgap semiconductor used in light-emitting diodes (LEDs) due to its high internal quantum efficiency (IQE) and the ability to tune the wavelength of emitted light by varying the In concentration x.
1 High In-content In x Ga 1Àx N/GaN quantum wells (QWs) grown on GaN must be very thin (2-3 nm) to achieve longer wavelength emission without nucleating dislocations.
2, 3 The combination of quantum size effect, piezoelectric field, and possible phase separation make an accurate determination of the local alloy composition by atom probe tomography (APT) a necessity. The reliable characterization of the In distribution within QWs is essential to high-quality QW growth and device optimization. For example, In-rich regions with lower bandgap than the surrounding material cause carrier localization, [4] [5] [6] [7] which may lead to color instabilities [8] [9] [10] and increase non-radiative Auger recombination, 11 which has a cubic dependence on carrier density. 12 APT has been used to analyze In x Ga 1Àx N QWs with single atom sensitivity and sub-nanometer spatial resolution in three-dimensions (3-D). 13, 14 Features of interest include the uniformity of In distribution; 5, [15] [16] [17] [18] the roughness, abruptness, and uniformity of QW boundaries; 5, 11, [18] [19] [20] and the rate of In incorporation on distinct facets. 15, 21 However, there are potential sources of error in the measurement of stoichiometry. In particular, group-III and group-V species in III-V compound semiconductors exhibit distinct evaporation characteristics and different detection probabilities. [22] [23] [24] [25] [26] [27] In addition, the varying polarity and structure of the different crystallographic surfaces of wurtzite strongly influences the rate of uncorrelated (and therefore undetected) evaporation. For example, a nitrogen deficit observed near Ga-polar ð0001Þ surfaces of a-axis nanowires was attributed to the weaker N back-bonding on these surfaces. 28 The authors hypothesized that while Ga and N are generally not detected with equal probability when evaporating from facets of different polarity, In and Ga should evaporate similarly, such that a reliable measurement of the group-III mole fraction is possible. Here, we show that this, indeed, is the case for In x Ga 1Àx N QWs grown on m-plane, c-plane, and 20 2 1 ð Þ surfaces of GaN.
The analysis below focuses on APT analysis of QWs grown along the nonpolar m-axis of wurtzite GaN. Data on c-plane ð0001Þ QWs and semipolar 20 2 1 ð Þ QWs are furthermore included in the supplementary material. All samples were prepared in metal organic vapor phase epitaxy and designed for LED operation in the green spectral region. 29 The nonpolar 30 and semipolar 31 structures were grown in homoepitaxy on bulk GaN prepared in hydride vapor phase epitaxy, while the c-plane material 32 uses conventional basal plane sapphire substrate. Growth details are provided in the respective references.
For APT, samples were prepared by the lift out process and sharpened by focused ion beam (FIB) milling. 33, 34 A Pt protective layer was used to prevent ion implantation in the region of interest, and a final milling at 2 kV limited ion damage to the near surface region, which is outside the field-ofview of the APT analysis. It is important to avoid FIB Ga ion implantation in the region of interest because the addition of external Ga ions can introduce ambiguity into local measurements of In mole fraction. APT was performed with a LEAP 4000x Si with 355 nm laser wavelength using 0.01 pJ pulse energy, 200 kHz pulse frequency, 27 K background temperature, and a target detection rate of 0.003-0.005 atoms/pulse. The data were reconstructed using a detection efficiency of 0.5, an image compression factor of 1.75, and pre/post-APT SEM images to guide the tip profiling method and to determine a sphere-cone ratio of 1.7 using the nontangential continuity condition. 35 These parameters produced flat QWs with spacing that matched the superlattice period determined by x-ray diffraction measurements. The 3-D reconstruction of the analyzed sample and 2-D isoconcentration surfaces (4% In) in Figures 1(a) and 1(b), respectively, show well-defined QWs that do not exhibit any evidence of Ga ion implantation-induced mixing. distribution analysis (FDA) 36 using 100 ion voxels ( Fig. 1(c) ) indicates that the In distribution in the QWs is uniform and exhibits no statistically significant deviation from that of a random alloy.
Annular FIB milling produces an approximately hemispherical specimen tip. Under APT analysis, nanometerscale facets form associated with low-index planes, 37, 38 from which ions evaporate and are projected onto a 2-D detector. (supplementary Figure S1 illustrates the relationship between the facets on the tip and the positions of ion hits on the detector.) 39 A nonpolar m-plane facet lies at the specimen apex, and semipolar surfaces are referred to as "Ga-polar" or "N-polar" depending on whether the plane is located between the m-plane and the Ga-terminated ð0001Þ surface or the N-terminated 000 1 ð Þ surface, respectively. Figure 2 presents 2-D maps of hit density for group-III (Fig. 2(a) ) and N ( Fig. 2(b) ) species in the coordinate system of the reconstruction. Strong variations arise from the influence of both the surface structure (nano-facet index and local curvature) and the facet polarity on the evaporation rate. Most generally, strong local variations in hit densities as well as variations normal to the mirror plane in Figure 2 are attributed to surface structure; the mirror plane is parallel to the ½0001 c-axis (upper left to bottom right) and the ½10 10 m-axis normal to the page. Hit densities for all species are lower at the centers of low-index planes (labeled) and zone lines (not labeled) due to atomic-scale variations in the electric field 37 ,40,41 that result in (1) correlated evaporation of species at the edges of atomic terraces and (2) trajectory aberrations, in which the local electric field at the edge of the terrace directs the ion away from the center of the detector. 14, 37, 42, 43 Longer scale variations normal to the c-plane, which lacks inversion symmetry, are attributed to the gradual variation in surface polarity. Specifically, the variations in stoichiometry along the [0001] direction in (dashed white line in Fig. 2 ) reflect a change from N-polar to Ga-polar surfaces (Fig.  2(c) ).
Multiple specimens were analyzed with the direction of laser incidence oriented perpendicular to the mirror plane in Figure 2 to verify that the lack of symmetry across the other diagonal (lower-left to upper-right) was not produced by non-uniform heating from the pulsed laser, 44, 45 which has been shown to create local deviations in the measured composition of compound semiconductors under certain conditions. 27 ,46 Supplementary Figure S2 shows hit density and composition maps from two specimens with different orientations with respect to the laser. 39 Because the direction of laser illumination does not influence the observed symmetry in the hit density or composition maps, the evaporation anisotropy is attributed to differences in surface polarity and crystallography.
When Ga and N are detected in equal measure on N-polar surfaces, a N deficit is generally observed on Gapolar surfaces (Fig. 2(c) ) as we reported previously based on analysis of a-axis oriented GaN nanowires. 28 The artifact arises from the behavior of nitrogen, for which the probability of diffusion (with subsequent N 2 formation and desorption) is higher than the probability of direct evaporation, leading to N 2 evaporation outside the detection window and/or as a neutral species. Here, we ask whether the artifacts associated with polarity and surface structure impact the detection probability of Ga and In equally? To address this question, we analyzed the absolute atom counts within regions of the reconstruction that were generated from surfaces of distinct polarity (Figure 3) .
Analyses of the absolute atom counts within three regions of interest (ROIs) indicate that variations in the structure and polarity of the facets on the tip surface affect the evaporation behavior of In, Ga, and N atoms (Fig. 3 ) (We first note that the gradual increase in N counts along the analysis direction in Figure 3 (b) is due to the fact that the region of analysis lies at the edge of the reconstruction, and does not completely intersect the first two QWs). Increases in In counts are always observed within the QWs, regardless of the evaporation surface, but the Ga counts do not always decrease in equal measure. Within the ROIs generated from evaporation surfaces that were Ga-and N-polar (Fig. 3(b) ), upon moving into the QWs, the Ga counts decrease more than the In counts increase, suggesting a lower overall detection probability for group-III species within the QWs. In contrast, Ga counts originating from evaporation near the nonpolar m-pole are relatively constant along the analysis direction ( Fig. 3(b) ), indicating an increased detection probability for group-III species inside the QWs. N counts also increase within the QWs in the m-pole ROI. Stoichiometric detection of Ga and N at N-polar surfaces, and the N-deficit at Ga-polar surfaces (Fig. 3(b), Supplementary Figure S3 Despite the differences in evaporation behavior within each region seen in Figure 2 , the measured group-III mole fraction is consistent between and within the quantum wells (Figures 4(a) and 4(b) ). Figure 4 (a) compares In mole fractions of the three sequential QWs along the cylinders shown in Figure 3(a) ; the profiles have been displaced to enable comparison. Figure 4(b) examines the In mole fraction variation within a single quantum well moving from the N polar towards Ga polar direction in the x-y plane of the reconstruction. The average In mole fraction within this QW is slightly lower than the maxima in Figure 4 (a) because the in-plane profile was created using an ROI that encompassed the entire $3 nm thick QW. Because the locally measured mole fractions (Fig. 4(b) ) do not deviate significantly from the average mole fraction, we conclude that the measured In mole fraction is reliable, i.e., statistical errors dominate any systematic measurement errors related to the polarity or structure of the surface from which the ions evaporated. Within the resolution limits of the method, we conclude that variations in surface structure and polarity have a comparable influence on the evaporation of Ga and In. This result could be used to cross correlate with macroscopic methods such as X-ray diffraction analysis in future work.
Variations in the electric field across the specimen surface also influence the evaporation probabilities of species differently. For example, a decrease in Ga ion detection probability has been observed with increasing applied DC voltage in pulsed laser APT analysis of GaN nanowires 28 and GaAs thin films. 25 This effect appears to manifest in the stoichiometry and ion count rate variations seen upon passing through the InGaN QWs (Fig. 4(c) ). Specifically, the N/Group-III increase within the QWs is attributed to a decrease in Ga ion detection probability. The increased Ga þþ /Ga þ ratio in the QWs (Fig. 4(c) ), which indicates an increased electric field, is consistent with this hypothesis (We note that as the detection probability decreases, the standing voltage is automatically increased to maintain a constant detection rate, which enhances this effect.). While Ga and In ions do not have identical nominal evaporation fields (Ga þ : 15 V/nm, In þ : 12 V/nm), 14,47 the electric field dependence of their evaporation rates is sufficiently similar that variations in electric field due to polarity, surface faceting, and composition cause no detectable variations in In mole fraction (Fig. 4(b) ). We have reached the same conclusions for analyses of c-plane ð0001Þ and semipolar 20 2 1 ð Þ QWs, for which the evaporation characteristics vary similarly with surface polarity and crystallography (see supplementary Figure S4 ). 39 We note that the spatial variations in N 2 þ ionic concentration on [0001] and [000-1] oriented samples reported in reference 27 are qualitatively similar to variations we observe in the N hit map on the [0001] oriented sample (supplementary Figure S4(b) ). Therefore, one might expect to also observe spatial variations in N/III ratio as shown in supplementary Figure S4(c) .
In summary, APT was performed on In x Ga 1Àx N QWs with three different crystal orientations to examine the influence of surface structure and polarity on the In mole fraction extracted from 3-D APT reconstructions. While the apparent N stoichiometry and the detection probability of group-III ions varied with the polarity of the evaporation surface and the In content, the In mole fraction within QWs was constant throughout the reconstruction, demonstrating that APT can provide a reliable measure of In composition and distribution in In x Ga 1Àx N-based light emitting diodes.
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